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Reproduction is a resource intensive process by which animals propagate their genes, hence it 
must be coordinated carefully with the body’s availability of energy stores to produce viable 
offspring. The adipocyte-derived hormone leptin relays the peripheral metabolic status of the 
body to the gonadotropin-releasing hormone (GnRH) neurons to control the hypothalamic- 
pituitary-gonadal (HPG) axis. This communication is primarily achieved in the hypothalamus, 
via hormone-responsive neurons operating upstream of GnRH neurons, since GnRH cells do 
not express leptin receptors (LepR). Nitric oxide synthase-1 (nNOS) neurons co-expressing 
LepR are suggested to be a direct conduit whereby leptin signals are relayed to the HPG axis. 
Inhibition of nNOS activity has been shown to cause sporadic ovulation, blunted pre-ovulatory 
luteinising hormone (LH) levels, and consequent hypothalamic hypogonadism in female mice. 
  
This project initially aimed to elucidate whether nNOS neurons are sufficient to mediate 
leptin’s permissive actions on reproductive function in vivo, in the absence of leptin signals 
from any other neurons. Cre-lox technology was adopted to produce transgenic mice that would 
express LepR in only the nNOS neurons, referred to as the LepR-rescue group. Age at puberty 
onset, estrous cyclicity, insulin tolerance, and body weights were analysed. Unexpectedly, no 
significant differences were found between the LepR-rescues and wildtype controls. This 
appeared to result from Cre-mediated germline excision of the target STOP-flox sequence, 
which led to global expression of the intact LepR. 
  
Since prior gamma-aminobutyric acid (GABA) neuron-specific LepR knockout experiments 
suggested that leptin can act via the GABA-ergic neurons but not the glutamatergic neurons to 
signal GnRH release, this study mapped co-localisation of nNOS neurons that are both 
 II 
GABAergic and leptin-responsive, to raise functional significance for specific hypothalamic 
regions. Immunohistochemistry (IHC) of both nNOS and phosphorylated signal transducer and 
activator of transcription 3 (pSTAT3, a marker for leptin signalling) was performed on brain 
sections of GABA neuron reporter mice (Vgat-Cre X tdTomato). The percentage co-
localisation of GABA and leptin-induced pSTAT3 in nNOS neurons was 13% in the arcuate 
nucleus, 3% in the dorsomedial hypothalamic nuclei and in the medial preoptic area. It is 
anatomically evident that nNOS neurons form a part of the neuroendocrine network in 
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1. INTRODUCTION  
Three decades after the gene for leptin was discovered, the significance of this adipocyte- 
derived hormone in reproduction is well-established, with the acknowledgment of leptin being 
a requirement for puberty and fertility. However, the neuronal pathways by which leptin 
signalling occurs within the brain to control the reproductive axis and gonadotropin release are 
complex and ambiguous, and they remain an area of active research. Neuronal nitric oxide 
neurons in the hypothalamus are suggested to be involved in this network to facilitate fertility.   
 
In order to provide a background for where this research stands, this review summarises key 
literature in the field surrounding puberty and fertility. Specifically, it focuses on hypothalamic 
and pituitary control of mammalian reproduction, puberty onset, metabolic hormone regulation 
of fertility, and neuronal pathways involved in the reproductive axis.   
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1.1 Mammalian Reproduction  
In mammals, puberty onset and adult reproductive function are controlled by the hypothalamic-
pituitary-gonadal (HPG) axis (Figure 1). The hypothalamic components that are elemental to 
reproduction consist of the gonadotropin releasing hormone (GnRH) neurons, and upstream 
neuronal populations and glial cells capable of regulating GnRH neuron activity, together 
termed the GnRH network [1]. GnRH neurons are able to activate the anterior pituitary gland 
through the hypophyseal portal system [2]. Secretion of GnRH into the median eminence and 
portal blood vessels situated at the base of the brain stimulates the synthesis and the release of 
gonadotropins by gonadotroph cells. Luteinising hormone (LH) and follicle-stimulating 
hormone (FSH) are the two gonadotropins common to all mammals. In response to LH and 
FSH released into the circulation, gametes and sex steroids are produced by the gonads. The 
main steroids are estradiol, progesterone, and testosterone. Both negative and positive feedback 
mechanisms exist for these hormones to modulate the HPG axis homeostatically. Puberty onset, 
spermatogenesis in males, and ovarian cyclicity in females are all dependent on the HPG axis. 
Hence, the total reproductive outcome may be adversely affected if disruption is caused at any 
level of this axis.   
  
1.1.1 GnRH Neurons   
GnRH neurons are unique in their distribution throughout the central nervous system (CNS). 
As a consequence of their migration into the brain during embryonic development, GnRH 
neurons are not anatomically concentrated to one region of the hypothalamus. Rather, the 
GnRH cell bodies are randomly scattered along their migratory pathway from the olfactory 
placode to the medial basal hypothalamus [3]. Nevertheless, the majority of GnRH axons do 
converge onto the median eminence to control gonadotropin release in the anterior pituitary 
[4]. It is suggested that coordination within only a small fraction of the GnRH neuron 
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population is sufficient to trigger gonadotropin release and enable fertility [5]. Targeted neuron 
ablation in mice showed that less than 12% of the total GnRH neurons is required to trigger 
pulsatile LH secretion in both males and females [5]. This illustrates the redundancy in 
reproductive physiology to ensure species continuation even in adverse situations.   
  
GnRH neurons have extended bipolar projections termed “dendrons” as they exhibit both 
dendritic and axonal functions [6]. Given the neuron’s ability to receive synaptic inputs all 
along their dendrites, each GnRH neuron is estimated to be innervated, hence modulated, by 
millions of neurons [1]; taking into account both the primary and secondary inputs. To date, 
many of the afferent connections within this GnRH neuronal network have been identified to 
coordinate peripheral information in regulating the final GnRH output into the portal blood. 
Upon activation, GnRH within the secretory terminals is released in a pulsatile manner to 
stimulate the anterior pituitary gonadotroph cells [1]. This pulsatility is essential for the 
gonadotrophs to adjust for their secretion pattern [7]. Prolonged exposure to GnRH may lead 
to GnRH receptor down-regulation, hence, a decrease in gonadotropin release [8].   
  
1.1.2 Gonadotropins and Sex Steroids  
The secretion pattern of LH and FSH is reflective of GnRH pulsatility. LH and FSH are made 
up of a common α-subunit and a hormone-specific β-subunit, both production and secretion of 
which occur via the gonadotropic cells of the anterior pituitary gland [9]. GnRH pulse 
frequency also determines the amount of LH released relative to FSH. High GnRH pulse 
frequency results in a higher LH:FSH ratio, and a lower pulse frequency reduces this ratio [10-
11]. Given the stimulatory action of GnRH on gonadotrophs, the overall gonadotropin level in 
the body still increases as GnRH elevates in pulse frequency, and indeed LH pulsatility closely 
mirrors GnRH pulsatility [12]. Serum LH levels are hence used widely to indicate GnRH 
function, for difficulties in accessing the portal blood to detect GnRH directly.  
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Circulating LH and FSH act on the gonads to induce sex steroid release, and gamete production 
& maturation. In the testes, LH stimulates the Leydig cells to produce testosterone [13], while 
FSH acts on the Sertoli cells to support spermatogenesis and to convert testosterone to the more 
active dihydrotestosterone [14]. In the ovaries, LH aids the production of androgens in the theca 
cells, which will be converted to estradiol by granulosa cells upon FSH stimulation [15]; FSH 
also promotes the growth and recruitment of ovarian follicles for each cycle and LH is required 
in high concentrations for ovulation to occur. Both estradiol and testosterone provide negative 
feedback to the HPG system in the respective sex [16-17]. However, a switch to positive 
feedback, via unclear mechanisms, also occurs for estradiol during the mid-ovarian cycle, 
leading to the preovulatory LH surge and this ultimately results in ovulation [16]. Post-
ovulation, progesterone is produced by the corpus luteum to maintain the uterine environment 
for potential implantation [18]. As estradiol reverts back to negative feedback after the 
preovulatory surge, LH levels in females then resume to normal from the luteal phase to the 
next follicular phase in response to GnRH pulses. In contrast, the LH pulses in males do not 
follow any cyclic pattern of secretion.   
  
Estradiol positive feedback is critical in triggering the preovulatory surge, but the site of 
steroidal action may be species-specific [19]. Interestingly, it has been known since the 1980’s 
that GnRH neurons lack the essential steroid receptors on their surface, e.g. estrogen receptor 
α (ERα), therefore any regulation of GnRH function should occur via upstream modulators 
[20]. In rodents, the LH surge is initiated by both circadian input and the high level of estradiol 
in the late follicular phase, which act on a subset of kisspeptin neurons co-expressing ERα in 
the rostral periventricular area of the third ventricle (RP3V) [21]. These kisspeptin neurons 
connecting to the cell bodies and proximal dendrites of GnRH neurons are thought to initiate a 
GnRH surge prior to a LH surge in pro-estrus [22]. Although a similar GnRH surge is also 
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found in monkeys and hence might be applicable to all primates [23], it has been suggested 
that pituitary action by estradiol and regular GnRH pulses may be sufficient to trigger LH 
surges in humans [19].   
 
Figure 1. The hypothalamic–pituitary–gonadal axis. GnRH neurons (top right) release GnRH 
into the median eminence to stimulate LH and FSH secretion from the anterior pituitary gland. 
Gonads respond to circulating gonadotropins, producing gametes and sex steroids, which 
feedback centrally or via pituitary. Leptin signals are integrated by neurons within the GnRH 
network (top spheres) to modulate HPG function. Neurons: NPY/AgRP, Neuropeptide Y and 
agouti-related peptide; nNOS, nitric oxide synthase; kisspeptin; POMC, pro-opiomelanocortin; 
GALP, galanin-like peptide. These neurons co-express GABA (in red), glutamate (in green, 
example not shown), or either (in overlap). Note, innervation to GnRH neurons does not reflect 
all synaptic positions. Modified from Herbison [19].   
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1.2 Puberty Onset   
Puberty marks the start of an organism’s reproductive life, and is accompanied by various 
biochemical changes within the body. Apart from physiological processes such as growth 
spurts and adrenal awakening [24], the maturation and differentiation of primary and secondary 
sexual characteristics are established during puberty. For the majority of the population, 
puberty sets in between the age of 8.5-13.5 years, with boys experiencing it later than girls [25-
26]. In girls, breast development and menarche are external pubertal changes, while increases 
in uterine and ovarian weight, and changes in vaginal mucosa are internal consequences of 
menstruation [27]. In boys, testicular growth, penile enlargement, and the first conscious 
ejaculation are external changes, and sperm maturation occurs internally [27].  
  
1.2.1 HPG Activation  
Pubertal changes begin with activation of the HPG axis. Prepuberty, there are two periods when 
the axis is temporarily activated. Data from sheep and humans have shown that gonadotropin 
secretion is already measurable during gestation, due to pituitary response to hypothalamic 
input [28-29]. After birth, sudden increases in GnRH and LH are detected as a result of 
hormone withdrawal from the placenta; estradiol and testosterone are produced subsequently 
by the gonads [19]. This so-called “mini-puberty” can last for 6 months in boys, but up to 4 
years in girls [30]. The axis then becomes suppressed as it enters a period of quiescence. 
Reactivation of the HPG axis enables full reproductive capacity by initiating GnRH pulses. It 
is widely known that GnRH neurons in adults function in a pulsatile manner to release GnRH 
into the hypophyseal portal blood system. However, the mechanism by which GnRH pulses 
emerge at the time of puberty remained a mystery until research in the past decade successfully 
identified one critical component of the GnRH pulse generator: the kisspeptin neurons [19]. 
The hypothalamic kisspeptin neurons in the arcuate nucleus (ARC) of primates and other 
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mammals, have projections to the distal ends of GnRH cells [31], and are thought to be 
responsible to initiate the GnRH pulses. Studies conducted in pubertal monkeys have shown a 
positive relationship between ARC kisspeptin neuronal activity and GnRH pulses, and that 
inhibiting kisspeptin receptors in the median eminence resulted in decreased LH pulsatility [32-
33]. The reason why the GnRH pulse generator is only reactivated prior to puberty may be 
attributable to the greater inhibitory effect exerted by the peptide dynorphin, which is co-
expressed by the ARC kisspeptin neurons [34]. However, as the reproductively appropriate age 
approaches, the balance between stimulation and inhibition shifts towards favouring the former, 
allowing HPG reactivation [19]. Through the aforementioned feedback mechanisms, the 
reproductive system therefore becomes self-sustained, but is subjected to changes in metabolic 
states. Fat storage and glucose availability are key factors to be coordinated to ensure that the 
body has sufficient resources to cope with any changes brought about by puberty.   
  
1.3 Metabolic Regulation of Reproduction  
Reproduction is a resource intensive process which species use to propagate their genes; hence 
it must be coordinated carefully with the body’s energy stores to produce viable offspring. 
Given the enormous energy input to sustain a pregnancy until parturition, followed by lactation, 
metabolic cues are especially prominent in regulating female fertility. It has long been known 
that there is a correlation between delayed puberty onset and low fat mass in the body [35]. 
Now, it is established that the HPG axis is strictly modulated by metabolic hormones-inferred 
nutritional status, via the GnRH neuronal network. Due to these hormones (such as leptin, 
insulin, and ghrelin) being secreted in a fashion that would reflect both long term and 
immediate metabolic conditions [36], GnRH and gonadotropin release can thus be coupled 
rapidly to changes in peripheral energy availability.   
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1.3.1 Leptin   
The hormone leptin, produced by adipocytes in response to accumulated energy stores, acts 
centrally in the brain to adjust food intake and increase energy expenditure. Originally 
identified from the obesity gene (ob) [37], leptin secretion is regulated by both long term and 
acute changes in peripheral energy availability [38]. Total fat content in the body determines 
basal leptin concentration in the blood, this is primarily sensed via the neurons within the 
dorsomedial hypothalamic nucleus (DMH); while the ARC responds to rapid changes in 
circulating leptin, induced by fasting or feeding [39].  
  
Leptin coordinates peripheral metabolic status to alter GnRH pulses via intermediates from the 
afferent network, as GnRH neurons do not express leptin receptors (LepR) [40]. Although 
pituitary gonadotrophs can be regulated directly via LepR [41], infertile mice produced from 
neuron-specific LepR knockout (KO) experiments suggested that leptin predominantly acts 
through central pathways [42]. The presence of leptin is not stimulatory on GnRH release, but 
a requirement to be met, the concentration of which must be kept within certain ranges to permit 
HPG function [19]. Lack of leptin denotes energy deficiency, and is usually associated with 
HPG inhibition. This is because fuels are being redirected towards life-critical organs to ensure 
survival, and to prevent reproductive input in stressful times. Exogenous leptin injection in 
both mice and humans can reverse the effect of starvation-induced infertility [43-44], observed 
by increased LH pulsatility and normalised ovulation patterns in females. Yet, excessive energy 
storage to the extent of obesity also impairs fertility. As energy balance can be efficiently 
regulated by narrow concentrations of leptin [45], levels exceeding physiological parameters 
may cause leptin resistance through receptor desensitisation [46], thereby impairing leptin 
transport across the blood-brain barrier. Disrupted leptin signalling indicates to the CNS a state 
of energy deficiency despite adequate peripheral food reserve.    
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Various LepR isoforms exist due to alternative mRNA splicing. The hypothalamus is mostly 
occupied by the long-form LepRb [47]. Binding of leptin to this receptor elicits the strongest 
response via the Janus kinase (JAK) and signal transducers and activators of transcription 
(STAT) signalling pathway [47]. The JAK-STAT pathway is activated by a series of 
phosphorylation events that ultimately leads to dimerisation of STAT molecules, which then 
translocate to the nucleus to alter transcription [48]. Of the seven STAT molecules identified 
for mammals, leptin response is mainly mediated by phosphorylated STAT3 (pSTAT3) [49]. 
Neuronal STAT3 KO mice exhibited obese and hyperleptinemic phenotypes that are also seen 
in LepR KO mice [50]. Whether STAT3 is also involved in mediating leptin’s effect on 
reproduction remains unclear, as fertility can be maintained in the absence of leptin-induced 
STAT3 signalling [51], though contrasting findings also exist [50]. Nevertheless, pSTAT3 is 
still a widely used marker for leptin signalling, given the appropriate use of controls.   
  
1.3.2 Insulin and Ghrelin   
Insulin and ghrelin are also key metabolic regulators of reproduction, though their effects 
appear to be less prominent [36]. Insulin is produced by the pancreas to maintain glucose 
homeostasis. With regards to fertility, insulin acts in the brain to promote GnRH release. Insulin 
deficiency (type-1 diabetes) is associated with HPG suppression [52], while insulin- resistance 
(type-2 diabetes) correlates with HPG hyperactivation [53]. Whole-brain vs neuron-specific 
insulin receptor KO experiments revealed that central neuronal actions of insulin are not 
mandatory for reproduction, given the mice exhibited either mild subfertility or normal fertility 
in respective studies [54-55]. However, KO of insulin receptors from astrocytes leads to 
delayed puberty and reduced HPG axis function [56]. Ghrelin is produced by the stomach to 
indicate energy deficiency, the presence of which can antagonise the effects of leptin and 
insulin on LH secretion in vivo [57]. Increased basal ghrelin level is associated with amenorrhea 
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in women [58], and the removal of ghrelin signalling in mice exerted minimal effect on fertility 
[59]. Though discussed independently in this review, leptin, insulin, and ghrelin work 
collaboratively in vivo in a complex network to interact with each other and with the HPG axis.  
  
1.3.3 Metabolic Syndrome Related Infertility  
Hypogonadotropic hypogonadism contributes to a third of all causes of infertility [60]. The 
lack of GnRH input to the pituitary leads to disrupted LH secretion, and subsequent impaired 
sex steroid production and feedback. Chronic starvation or excessive exercise may cause 
delayed puberty onset, anovulation, and amenorrhoea, as seen in female athlete studies [61]. 
This temporary suppression of the HPG axis may be alleviated by removal of metabolic 
stressors [62]. However, disorders that resulted from failure of the GnRH network to convey 
metabolic information, as in acquired obesity or congenital LepR defects, remain difficult to 
manage, therefore characterisation of the neuronal pathways is advantageous.   
 
1.4 GnRH Neuronal Network  
Metabolic inputs to the GnRH neurons are mostly processed via afferent connections. Within 
this GnRH network, the non-neuronal glial cells are suggested to play vital roles in modulating 
HPG function by influencing GnRH cell electrical activity and responding to metabolic cues 
through hormonal receptors [63]. Activation of glial cells can increase action potential firing 
in neighbouring GnRH neurons by secretion of prostaglandins [64], and ablation of insulin 
receptors in astrocytes causes delayed puberty and hypogonadism in mice [56]. The neuronal 
inputs to GnRH cells have received more attention. Given the primary aim of this study is to 
focus on the permissive action of leptin on reproductive function, some of the afferent neuronal 
populations that are capable of conveying signals between circulating leptin and GnRH neurons 
(Figure1) will be discussed in more detail.   
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 1.4.1 GABAergic and Glutamatergic Neurons  
GABA and glutamate are the two main types of neurotransmitters that often act in opposition 
to each other in the brain to produce either inhibitory or stimulatory effects, respectively. 
Glutamate consistently promotes the release of LH via stimulation of GnRH neurons [65]. 
Stimulation may occur through synaptic transmission to GnRH dendrites in puberty, or may 
involve other intermediates within the GnRH network in adulthood [66]. Conversely, GABA 
switches from being inhibitory to becoming stimulatory on GnRH cells, from pre-puberty to 
adulthood [67]. Evidence suggests that GABA imposes a major brake on prepubertal GnRH 
secretion. Infusion of bicuculline, a GABA receptor antagonist, into the hypothalamus of 
prepubertal rhesus monkeys resulted in advanced age of puberty onset [68]. Other studies 
conducted in primates showed similar outcomes [69-70]. In adults, however, most GABAergic 
neurons exert stimulatory action on mature GnRH cells [67]. This is an unusual phenomenon 
as GABA is still the main inhibitory neurotransmitter in other regions of the CNS. A possible 
explanation would be that communication to mature GnRH dendrites is mediated via other 
stimulatory factors co-expressed by the GABAergic neurons, rather than GABA itself (for 
example, nitric oxide (NO) and kisspeptin). Nevertheless, direct blocking of GABA receptors 
in mature GnRH neurons could still impair GnRH release [71].   
  
Several studies in the literature disagree with the dynamic inhibitory to stimulatory switch of 
GABA on GnRH neurons. Experiments in rats showed that an increase in whole brain GABA 
concentrations resulted in elevated prepubertal LH secretion, while a reduction in adult LH 
secretion [72]. This is completely opposite to what has been discussed earlier. However, as 
GABA being the primary inhibitory signal in the CNS, whole brain GABA exposure means 
that the action was nonspecific and most other neurons may also be affected. The change in 
LH level might be due to the integration of other disinhibited signals at various levels of the 
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HPG axis. Moreover, application of GABA to adult mouse brain sections caused 
hypopolarisation and hence decreased action potential firing rate in mature GnRH neurons [73]. 
Limitations to these studies would be that the concentration of GABA applied and the duration 
of exposure may not reflect the in vivo environment suitable for GnRH modulation. Sustained 
exogenous GABA exposure may lead to “shunting inhibition” of what is actually an excitatory 
input to the postsynaptic cell [74]. It is also important to note that subpopulations of GnRH 
neurons need to work in synchrony to trigger GnRH release, therefore electrophysiological 
analysis of single neurons may not be representative. Summarising previous studies, the 
majority of the literature now recognise that the primary action of endogenous GABA release 
on adult GnRH neurons is stimulatory [75].   
  
Leptin signalling within GABAergic, but not glutamatergic, neurons is principal to fertility. 
LepR were selectively knocked out in either the GABAergic or the glutamatergic neurons in 
mice, but only the animals of GABAergic neuron-specific LepR KO experienced adverse 
reproductive outcomes [76], suggesting that leptin acts predominantly via the GABAergic 
neurons but not the glutamatergic neurons to activate HPG function. This finding allowed 
further experiments to be focused more on GABAergic neurons, and subsequently identified 
the major neuronal populations that are responsible for leptin-GnRH neuron communication. 
It is worth noting that disrupting one leptin signalling pathway within the GnRH network alone 







1.4.2 Kisspeptin and NPY/AgRP Neurons  
Plenty of the hypothalamic neurons are candidate conduits whereby leptin-encoded peripheral 
nutritional status could be relayed to alter GnRH release. Leptin-deficient and leptin-resistant 
mice exhibited reduced kisspeptin mRNA expression in the ARC and RP3V [77-78], indicative 
of leptin-responsiveness in these neurons. Given that kisspeptin is also the most potent 
secretagogue of GnRH and many kisspeptin neurons are GABAergic [36], a leptin- kisspeptin-
GnRH signalling pathway is hypothesised. However, no LepR are found on RP3V kisspeptin 
neurons [78], and kisspeptin neuron-selective LepR KO mice retained normal fertility [79]. 
These results suggest leptin actions on kisspeptin neurons are mostly indirect, and are not 
critically involved in reproduction. Neuropeptide Y (NPY) and agouti-related peptide (AgRP) 
are expressed by subsets of GABAergic neurons in the ARC [80]. GnRH neurons are largely 
suppressed by NPY/AgRP neurons. Both the peptides are orexigenic in nature, and are released 
in response to starvation, when fertility is inappropriate [36]. Leptin can directly act on these 
neurons to reduce NPY/AgRP expression [81], thereby disinhibiting GnRH release; this 
disinhibition via NYP/AgRP neurons alone is able to restore reproductive competence in mice 
with AgRP neuron-specific LepR rescue but LepR KO in all other cells [82]. Many others, for 
example, the pro-opiomelanocortin (POMC) and galanin-like peptide (GALP) neurons may 
also be implicated in the GnRH neuronal network (reviewed in 36).   
  
1.4.3 nNOS Neurons  
Neuronal nitric oxide synthase (nNOS) is expressed by neurons throughout the CNS including 
the hypothalamus [83]. There are two other isoforms of NOS that differ in structure and 
distribution, endothelial NOS (eNOS) and inducible NOS (iNOS). NOS can be activated by 
Ca²⁺ dependent calmodulin complex and by phosphorylation of specific serine residue; the 
majority of NO is produced by nNOS, through oxidation of arginine to citrulline [84]. This 
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gaseous neurotransmitter can readily cross plasma membranes and may be built up in the 
perikarya of nearby neurons [84]. NO signalling is hence termed “volume transmission”. 
Cellular response is then elicited by production of cyclic GMP via NO-sensitive soluble 
guanylate cyclases [85]. If the concentration of NO is sufficient, they may also be spread to 
regulate distant neurons, thereby synchronising activity among a group of cells [86]. GnRH 
neurons do not express NOS, but are candidates of this volume transmission as nNOS neurons 
lie in close proximity with GnRH cell bodies in the preoptic area (POA) [87]. Computer 
modelling has suggested that if 50% more of the nNOS neurons can be activated or 
phosphorylated upon leptin stimulation, as compared to the fasting state, this would lead to 
enhanced GnRH stimulation [86].   
  
Similar to GABA, the effect of NO on GnRH neurons appears to be controversial. Dating back 
to the 1990s, a study indicated that NO may indirectly stimulate GnRH release as infusion of a 
competitive and selective NOS inhibitor blocked pulsatile LH secretion, and reduced 
circulating LH levels in rats [88]. A paper published 15 years later was presented with 
contradicting results. Patch-clamp assays showed GnRH neuronal activity in mouse brain 
sections increased after exposure to a non-selective NOS blockade [89]. Inconsistencies are 
likely due to differences in experimental design and NOS inhibitors used. For instance, the 
former study included only male rats as subjects, while the non-selective NOS blockade utilised 
in the latter experiment may also target eNOS in addition to nNOS.   
  
Despite an uncertain mechanism, nNOS neurons are undoubtedly important in permitting HPG 
function. In vivo studies have repeatedly demonstrated hypogonadism and infertility in mice 
with nNOS KO or inhibition [90-91]. It is worth noting that, NO may not only act on 
hypothalamus because NOS expression is also detected in the anterior pituitary gland, where it 
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has been suggested to modulate gonadotrophs directly [92]. Therefore, the observed fertility 
phenotype as a result of whole-brain NOS inhibition may be attributable to the loss of pituitary 
NOS activity. It is also proposed that nNOS neurons in the POA co-expressing kisspeptin 
receptors and ERα may be involved in the preovulatory surge [84]. Evidence showed NO levels 
in POA increases substantially during pro-estrus as compared to diestrus in mice, suggesting a 
stimulatory role on nearby GnRH neurons for surge generation [93].   
 
nNOS neurons may also convey metabolic status to the GnRH dendrites because they co-
express LepR [94]. Co-localisation studies in mice identified regions of the hypothalamus 
where nNOS signalling overlaps with leptin signalling. These regions include the POA, ARC, 
DMH, VMH (ventromedial hypothalamic nucleus), LHA (lateral hypothalamic area), and 
PMV (ventral premammillary nucleus) [95]. Apart from these anatomical observations, 
hypothalamic leptin administration increased NO production in mice [96], while fasted (state 
of leptin deficiency) wildtype animals showed decrease in nNOS mRNA expression [95]. The 
level of activated nNOS, in the form of phosphorylated nNOS (pnNOS), after leptin treatment, 
was also restored to that observed in the fed mice [95]. In terms of conveying leptin’s 
permissive actions onto the GnRH neurons, POA-specific NOS inhibition in ob/ob (leptin-
deficient) mice prevented the ability of leptin to restore puberty onset and LH release [86]. In 
comparison, mice with nNOS-specific LepR deletion exhibited reproductive competence 
similar to that of the wildtype controls, despite a delay in puberty onset [94]. Their metabolic 
function, however, is severely affected by a lack of leptin signalling through the nNOS neurons, 
reflected by hyperglycemia, decreased energy expenditure, and obesity [94]. Such results 
suggest that even if nNOS neurons do convey information between leptin and GnRH neurons, 
they may not be absolutely required for reproductive function. This is reasonable because there 
are multiple pathways within the GnRH neuronal network for leptin signalling. Though each 
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pathway has been discussed as relatively discrete entities, it is important to acknowledge that 
in vivo they all work together to synchronise GnRH activity [36]. The action of nNOS neurons 
may hence be compensated by other neuronal conduits in the brain, further reinforcing the 
redundancy in reproductive physiology. Therefore, future investigations that can directly reveal 
the sufficiency of nNOS neurons to mediate leptin’s permissive actions on reproductive 
function, in the absence of leptin signals from any other neurons, could be of great value.   
  
1.5 Co-localisation of Leptin Signalling and nNOS Neurons   
Co-localisation studies have inferred the ARC and PMV to be critical for leptin-nNOS- 
mediated reproductive modulation [95]. Approximately 20% of leptin-responsive neurons in 
the hypothalamus co-express nNOS [95]. Around 30% of ARC neurons co-expressing LepR 
and nNOS are found to be GABAergic [94]. Due to leptin signalling via GABAergic neurons 
being essential to fertility, and that leptin predominantly acts in the ARC [97], the results 
indicate a functional significance of nNOS neurons within this area. Bilateral lesions of the 
PMV in ob/ob mice prevented the ability of exogenous leptin to restore fertility and unilateral 
rescue of PMV LepR is sufficient to alleviate this effect [79]. Because the majority of the 
leptin-responsive neurons in the PMV express nNOS [95], the phenotype is highly likely to be 
rescued through leptin-nNOS interaction. In addition, leptin-responsive PMV neurons are 
suggested to be 100% glutamatergic [97], thus, a prominent role for glutamatergic neurons is 
raised here. Based on the percentage co-localisation data, the key hypothalamic regions 
conferring leptin-nNOS signalling may be inferred. More studies regarding the anatomical 
mapping of leptin-responsive nNOS neurons are necessary to better understand the functional 
significance for specific hypothalamic regions, and to validate previous conclusions. 
Considering the importance of GABAergic neurons in relaying leptin inputs to modulate HPG 
function, studies encompassing GABAergic neurons may therefore be beneficial.    
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In conclusion, chronic activation of the HPG axis leads to puberty onset and adult fertility in 
the mammalian system. Reproduction is an energy intensive process, and therefore must be 
coupled with peripheral metabolic status. Metabolic syndromes that indicate an inappropriate 
energy reserve status to the HPG axis may result in infertility. Connections from nNOS neurons 
to GnRH neurons are suggested to be a direct conduit whereby leptin signals are relayed to the 





















2. AIMS AND HYPOTHESES  
Highlighted in this review, inhibition of nNOS activity has been shown to cause sporadic 
ovulation, blunted LH levels, and consequent hypothalamic hypogonadism in female mice. 
However, direct evidence that nNOS neurons are capable of fulfilling the role of acting as a 
neuronal conduit between leptin and GnRH neurons is lacking. By exclusively expressing 
LepR in nNOS neurons in mouse models, we can directly reveal the sufficiency of this circuitry, 
among other neuronal pathways in the GnRH network, in the central integration of metabolic 
status to promote puberty and fertility.   
  
The original aim of this project was to elucidate whether nNOS neurons are sufficient to 
mediate leptin’s permissive actions on reproductive function in vivo, in the absence of leptin 
signals from any other neurons. It was hypothesised that mice with LepR-selective expression 
in nNOS neurons will have fertility restored, but not reaching full reproductive capacity when 
compared to the wildtype control animals.   
  
With this focus, this project could potentially contribute to the understanding of metabolic 
syndrome related infertility seen in the population, e.g., complications arose from obesity and 
excessive weight loss. However, as with the nature of live animal models, unforeseen mutations 
in the genetics of our experimental mice forced us to take a new direction.   
  
Since prior GABA neuron-specific LepR knockout experiments suggested that leptin can act 
via the GABAergic but not the glutamatergic neurons to signal GnRH release, we then mapped 
co-localisation of nNOS neurons that are both GABAergic and leptin-responsive, in order to 
identify the nNOS populations most likely to be of significance for control of GnRH function.   
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3. METHODS AND MATERIALS 
3.1 Animals 
C57BL/6 background mice were used at different parts of this study. All pups were weaned 
and sexed at day 19-21, after then, they were raised in groups of ≦ 5 per cage. Constant 
temperature of 22 ± 1 ℃ and 12-hour light/dark cycles (05:50-17:50 shifts) were maintained 
throughout the experiment. All animals were fed on standard rodent chow, food and water were 
provided on an ad libitum basis unless specified otherwise, i.e. period of fasting before 
perfusion. All animal work was performed at the University of Otago animal facility and all 
experimental protocols were approved by the University of Otago Animal Ethics Committee.  
 
3.1.1 Cre-lox Model: nNOS-LepR-Rescue Mice 
Cre-lox recombination is a widely used system that allows targeted deletion or activation of 
gene function in cell types of interest. It involves the insertion of loxP sites into DNA sequences, 
which act to turn on or off expression in the presence of cre-recombinase (Cre). Cre is an 
enzyme that catalyses recombination at loxP sites by recognising specific loxP sequences. The 
expression of Cre can be cell type-specific, therefore allowing targeted Cre-lox recombination 
wherever Cre is expressed. Conditional gene knockout or rescue depends on the sequences 
flanked by the loxP sites. If an exon is flanked by the loxP sites (floxed), excision of the 
sequence would result in gene knockout. Whereas if a stop codon is inserted between loxP sites, 
excision by Cre results in gene rescue in otherwise knockout animals, as transcription would 
be terminated prematurely in the absence of Cre. The mechanism of which Cre-recombination 




Figure 2. Cre-mediated excision of loxP-flanked STOP codon in LepR gene. The loxP sites 
inserted between exon 16 and 17 of the LepR gene were removed after Cre recombination, 
allowing transcription of downstream sequences. This occurs only within nNOS-expressing 
cells but not in any other cell types as Cre is only linked with the nNOS gene.  
 
Transgenic mice of nNOS-specific Cre expression (NOS1ᶜʳᵉ; Jax stock no. 017526) were 
crossed with heterozygous LepR-STOP-flox mouse line (Leprˡᵒˣᵀᴮ/⁺; Jax stock no. 018989), the 
experimental animals were produced after two generations of breeding. All mice were on a 
C57BL/6 background.  
 
NOS1ᶜʳᵉ/⁺ X Leprˡᵒˣᵀᴮ/⁺ mice (F1) were produced by crosses between NOS1ᶜʳᵉ and Leprˡᵒˣᵀᴮ/⁺ 
mice (F0). Animals of F1 were bred to themselves to generate the F2 experimental groups. The 
genotypes of which include NOS1ᶜʳᵉ X Leprˡᵒˣᵀᴮ/ᵀᴮ, referred to as the nNOS-LepR-Rescue 
group, or Rescue for short. These conditional rescue mice would have expressed intact LepR 
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in only the nNOS-expressing cells. The wildtype (WT) controls produced along with the 
breeding would be homozygous for the normal LepR allele, while Cre expression was of 
unimportance here. The LepR-Null controls would need be negative for Cre and homozygous 
for Leprˡᵒˣᵀᴮ (Figure 3). All other animals, namely those that had heterozygous expression of 
Leprˡᵒˣᵀᴮ, were excluded as they were out of the focus of this study.  
 
Figure 3. Breeding protocol for nNOS-LepR-Rescue animals and appropriate controls.   
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3.1.2 Cre-lox Model: Vgat-Cre or Vglut-Cre X tdTomato Mice  
Our second aim involved mapping of nNOS, pSTAT3, and GABAergic/glutamatergic neurons. 
Given the difficulty known for staining GABA or glutamate neurons, we have chosen to use 
fluorescent reporter mice for visualisation. The same principles of Cre-lox recombination 
applied for the breeding of Vgat-Cre (Vgat-ires-Cre; Jax stock no. 016962) X Cre-dependent 
STOP-flox tdTomato mice (Ai9 (RCL-tdT); Jax stock no. 007909), or, Vglut-Cre (Vglut2-ires-
Cre; Jax stock no. 016963) X tdTomato mice.  
 
The reporter tdTomato is a CAG promoter-driven red fluorescent protein variant, which in this 
case had a loxP-flanked stop codon prior to Cre recombination. Cre expression is either directed 
to the vesicular GABA transporter (Vgat) in the GABAergic neuron cell bodies or to the 
vesicular glutamate transporter (Vglut) in the glutamatergic neuron cell bodies.  
 
3.2 Mouse Genotyping 
3.2.1 Cell Lysis and DNA Extraction 
Approximately 1 mm of tail tip was collected from each animal on the day of weaning, for 
DNA extraction. Tail tips were digested overnight at 55℃ in a solution containing 0.6 mL of 
lysis buffer and 5 μL of proteinase K. Solutions were clear after fully digestion. Samples were 
then centrifuged at 1400 x g for 8 min to pellet undigested residue to the bottom of the 
eppendorf tubes. Extracted DNA in the supernatant was poured into a new tube containing 0.6 
mL of isopropanol. DNA was precipitated out after a few rounds of mixing and inversion before 
allowed to be centrifuged for a further 5 min at 1400 x g. The supernatant was discarded, DNA 
pellet was then resuspended in 200 μL of Tris-EDTA buffer for dissolution, either by 1 hour 




A PCR mastermix was prepared for six reactions: Leprˡᵒˣᵀᴮ, NOS1ᶜʳᵉ, Vgat-ires-Cre, Vglut2-
ires-Cre, generic-Cre (to further validate Cre expression), and tdTomato. The primers for each 
reaction are detailed in Table 1. Within each PCR mastermix, there was 6.25 μL of Reddymix; 
0.25x μL of primers, where x represents the number of primers required for that reaction; and 
the amount of H2O needed to make up a final volume of a 11.5 μL aliquot. 2 μL of DNA sample 
was added. A no-template (H2O) or negative control, a confirmed WT control, and a confirmed 
mutant or positive control were included each time the PCR programme (Mastercycler Nexus, 
Eppendorf) was run. With primers of known annealing temperature, DNA was amplified under 
the following conditions: 95°C (3 minutes), [95°C (30 sec), annealing temperature (1 min), 
72°C (45 sec)] x 35 seconds. 72°C (5 min), cool (10°C). For primers of unclear annealing 
temperature, the touchdown programme was used. Table 1 on the next page summarises the 
details of primers used during genotyping.  
 
3.2.3 Agarose Gel Electrophoresis 
A 2% agarose gel was prepared by adding 1.6 g of agarose to 80 mL of TAE buffer, this was 
heated up in a microwave to boil for dissolving the agarose. 6 μL of ethidium bromide was 
added to the solution after cooling to 60°C. The molten gel was allowed to set in a combed gel 
plate at room temperature. After, the gel was placed into an electrophoresis chamber that 
submerged in TAE buffer. 10 μL of the PCR products were loaded into each well, along with 
a 50 bp ladder for band size reference. The gel was then run at 90 V for 38 minutes, and 
visualised under ultraviolet light (BioDocAnalyse, Biometra), gel imaging was through 




Table 1. A summary of primers used for genotyping. 
PCR 
Reaction 






Common Fwd: TGG CTT TTA AGC TCT GCA GTC 
Mut Rvs:    CCC AAG GCC ATA CAA GTG TT 
WT Rvs:     TAG GGC CAA ACC CAC ATT TA 
Mut = 360 bp 




flox excision  
Mut Fwd: GGC AAT GGA CCA ATG ATC CT 
Mut Rvs: GAC ACC TCG GAG CTT TCT GAA 
WT Fwd:  TGT CCT ACT GCT CGG AAC AC 
WT Rvs:  GCT CAA ATG TTT CAG GCT TTT GG 
Mut = none 
WT = 650 bp 
 
Touchdown 
nNOS-Cre Common Fwd: TGG AGA GTT AGG GGC AGT TG 
WT Rvs:     AGC CAC TGC AGG GTA ACA AG 
Mut Rvs:    CCA AAA GAC GGC AAT ATG GT 
Mut = 400 bp 
WT = 483 bp 
 
Touchdown 
Vgat-Cre ires Fwd: CTT CGT CAT CGG CGG CAT CTG 
ires Rvs: CAG GGC GAT GTG GAA TAG AAA 
cre Fwd:  ATC GAC CGG TAA TGC AGG CAA 
Mut = 800 bp 
WT = 300 bp 
 
55°C 
Vglut-Cre ires Fwd: CGG TAC CAC CAA ATC TTA CGG 
ires Rvs: CAT GGT CTG TTT TGA ATT CAG 
cre Fwd:  ATC GAC CGG TAA TGC AGG CAA 
Mut = 800 bp 
WT = 300 bp 
 
55°C 
Generic-Cre Mut Fwd: CCT GGA AAA TGC TTC TGT CCG 
Mut Rvs: CAG GGT GTT ATA AGC AAT CCC 
Int Fwd: CTA GGC CAC AGA ATT GAA AGA TCT 
Int Rvs: GTA GGT GGA AAT TCT AGC ATC ATC 
Mut = 400 bp 
WT = none 
Int = 324 bp 
 
55°C 
tdTomato WT Fwd:  AAG GGA GCT GCA GTG GAG TA 
WT Rvs:  CCG AAA ATC TGT GGG AAG TC 
Mut Fwd: GGC ATT AAA GCA GCG TAT CC 
Mut Rvs: CTG TTC CTG TAC GGC ATG G 
Mut = 196 bp 




LepR-STOP-flox primers was originally used for all genotyping of Leprˡᵒˣᵀᴮ in our lab. 
However, unexpected results in genotyping of NOS1ᶜʳᵉ X Leprˡᵒˣᵀᴮ animals led to designing of 
new primers based on previous report [98], listed as LepR-STOP-flox excision in Table 1. This 
excision primer allowed detection of Cre-mediated excision of the STOP-flox in the LepR 
sequence of our mice. Generic-Cre primers were used as an extra validation for other Cre 
primers.  
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3.3 Metabolic analysis 
3.3.1 Body Weights 
Body weight is a metabolic effect of leptin or LepR function, monitoring of which enabled us 
to validate whether leptin signalling was restored in the nNOS-LepR-Rescue animals, as 
compared to the controls. Body weights were measured for all animals on a daily basis from 
the day of weaning until puberty onset was judged complete. After, measurements were taken 
once per week through to 8 weeks, or until the animal had been euthanised.  
 
3.3.2 Insulin Tolerance Test (ITT) 
Impaired leptin signalling leads to insulin resistance, therefore a test for insulin tolerance 
allowed further validation of genotype in the experimental animals. Mice were fasted for 3 
hours prior to first blood sampling to deplete endogenous insulin production. A sterile surgical 
blade was used to make a cut at the tail tip of each mouse to draw blood. The wound was kept 
exposed for the duration of the ITT. Blood glucose was measured using glucose stripes and a 
glucometer.  
 
The first blood sample was drawn 15 min prior to insulin injection (time = -15). Insulin (0.25 
U/kg) was injected subcutaneously into each animal for a fixed volume, 0.1 mL for males and 
0.075 mL for females, given similar weights between animals of respective sex. A blood 
sample was taken immediately (time = 0), and every 15 min after then, for 60 min when glucose 
level had plateaued off. The baseline glucose concentration of each animal was the average 
calculated between its first two glucose measurements (between time = -15 and 0), as means 
of accounting for confounders (e.g., stress response due to tail cut).  
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3.4 Reproductive Physiology 
3.4.1 Puberty Onset  
Puberty onset assessments began on day 20 (at weaning) of mouse age for both males and 
females. Preputial separation was used to indicate puberty onset in males. Gentle pressure was 
applied onto either side of the prepuce to expose the penis. Depending on the degree of 
separation, a scale of 0-3 (0 = no sign of puberty onset, 3 = puberty onset) was assigned for 
each male mouse every day until judged puberty onset. 
 
Female mice undergo estrous cycles, this occurs in the order of met-/diestrus, proestrus, to 
estrus in a cyclic pattern. The characterisation of vaginal epithelial cell types present in each 
stage of the cycle is outlined in Table 2 below, examples images of vaginal mucosa histology 
can be seen in Figure 4 on the next page.  
 
Table 2. Characterisation of vaginal epithelial cells in each stage of the estrous cycle. 
Cycle Stage Epithelial Characterisation 
Met-/diestrus Epithelium is predominantly made up of small leukocytes, minor nucleated or 
cornified cells. Metestrus is usually more packed with leukocytes.  
Proestrus Many round nucleated epithelial cells, some presence of cornified cells.  
Estrus Occupied by non-nucleated cornified squamous epithelial cells of irregular shape, 
often clustered, but not always.  
 
External observation of puberty onset in females refers to the appearance of vaginal opening 
after weaning. Vaginal epithelial histology, which reflects changes in estradiol and 
progesterone levels, was also examined. Epithelial cell samples were collected on a microscope 
slide after pipetting 5μL of saline into the mouse vagina then aspiring back into the pipette tip. 
The slides were then air-dried before stained with toluidine blue, followed by analysis of 
smears under a microscope at 100 x magnification. This was repeated daily for every female, 
from the day of vaginal opening through to first estrus.  
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Figure 4. Example histology of mouse vaginal epithelium at different stages of the estrous 
cycle. A: diestrus (metestrus not shown, these smears can be similar to diestrus, but sometimes 
are tightly packed with leukocytes). B: proestrus. C: estrus. Modified from Plant TM et al [99].  
 
3.4.2 Estrous Cyclicity 
Daily vaginal smearing resumed one week after first estrus was reached by each female, when 
regular estrous cycles would have been established. This was performed for 2 additional weeks. 
Vaginal epithelial histology was also examined to assess estrous cyclicity. Normally, female 
mice should take 3-6 days to go through one cycle.  
 
3.5 Mouse Brain Collection 
Mouse brains were necessary to collect for further immunohistochemistry (IHC) validation of 
leptin signalling through pSTAT3 analysis for the nNOS-LepR-Rescue experiments, and also 
for the triple labelling of nNOS, pSTAT3, and GABAergic/glutamatergic neurons in the 
Vgat(/Vglut)-Cre X tdTomato animals. Before euthanasia, all mice were fasted overnight and 
were subcutaneously injected with 1 mg/kg of leptin 1 hour before perfusion. The purpose of 
fasting was to deplete endogenous circulating leptin before leptin signalling was intentionally 
elevated via the leptin challenge afterwards. This allowed for maximal pSTAT3 visualisation 
through immunohistochemistry.  
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3.5.1 Euthanasia and Perfusions 
One hour after leptin injection, all mice were deeply anaesthetised with sodium pentobarbital 
(150 mg/kg). Once toe-pinch reflex was lost approximately 8 min after anesthesia, mice were 
transcardially perfused: the animal was laid flat with the ventral side up, incisions were made 
through the abdominal wall and diaphragm to expose its heart in the thoracic cavity. The right 
atrium was cut open before a puncture was made at the apex of the heart, where 20 mL of 4% 
paraformaldehyde (PFA) was injected for perfusion. The animal was then decapitated, brain 
removed from the cranium to allow overnight post-fixation in 4% PFA. After, brains were 
transferred into 30% sucrose solution at 4°C until they sank to the bottom of the container. 
Brains were then sectioned through the entire hypothalamus using a microtome for later 
experiments. All formulae of solutions used can be referred to in the appendix.  
 
3.6 Immunolabeling  
For preparation, all sections were firstly washed 3 times in 0.1% TBS-TX, and incubated for 
15 min in 1mM EDTA at 90°C for antigen retrieval of pSTAT3. After 3 more times of rinsing, 
sections were then incubated in 1% H₂O₂ to quench endogenous peroxidase activity, for 30 
minutes.  
 
3.6.1 pSTAT3 Validation of Leptin Signalling 
Brain sections from the nNOS-LepR-Rescues and appropriate control animals were immuno- 
histochemically stained for pSTAT3. After preparation, sections were incubated for 24 hours 
at 4°C in 1:1000 rabbit anti-pSTAT3 primary antibody (Cell Signalling Technology, Tyr705, 
RRID: AB_2491009) with 2% normal goat serum, in TBS-TX-BSA. After rinsing by TBS, 
tissues were incubated in 1:1000 biotinylated goat anti-rabbit secondary antibody (Vector 
Laboratories, BA-1000) for 1 hour. IHC for pSTAT3 required an extra amplification step by 
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incubating the sections in avidin: biotinylated enzyme complex (Vectastain Elite ABC Kit, in 
TBS) for an hour, followed with nickel-enhanced 3, 3′- diaminobenzidine (DAB) solution. 
Reaction with DAB was stopped (by transferring sections into TBS) 5 min after incubation, 
when pSTAT3 staining was judged adequate. Sections were mounted on gelatin-coated slides, 
followed by dehydration in graded ethanol solutions and then xylene, coverslipped with DPX. 
Sections were viewed under brightfield microscopy.  
 
3.6.2 Triple Labelling - nNOS, pSTAT3, and GABA/Glutamate 
Brain sections from the Vgat-Cre or Vglut-Cre X tdTomato mice were used for the triple label 
of nNOS, pSTAT3, and GABA/glutamate neurons. In contrast to IHC of pSTAT3, 
immunofluorescence (IF) was used to label nNOS. Given that the triple label was an entirely 
new protocol developed in our lab, the order of IHC and IF staining, on the same sections, was 
tested first to determine which would give better staining outcome. It was observed that IF of 
nNOS, followed by IHC of pSTAT3 would produce clearer nNOS staining under fluorescent 
microscopy, with minor influence to the quality of pSTAT3 staining. Whereas GABA and or 
glutamate neurons required no further immunolabeling process since they were detected 
directly through the tdTomato reporter.  
 
Therefore, after tissue preparation, brain sections were first incubated for 24 hours at 4°C in 
1:2500 sheep anti-nNOS primary antibody (Abcam, ab6175) with 2% donkey serum, in TBS-
TX-BSA. After rinsing with TBS, tissues were incubated in 1:1000 Alexa 488 donkey anti-
sheep secondary antibody (Invitrogen, A21206) for 1 hour, this was the end of nNOS IF. 
Following, the protocol for IHC of pSTAT3 can be referred to in chapter 3.6.1. In exception, 
the dehydration step was abandoned in the triple label, and Fluoromount was used for 
coverslipping. Sections were viewed under fluorescent or brightfield microscopy.  
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3.7 Statistical Analysis 
GraphPad Prism (Version 9) was used for all data analysis. Data are presented in mean ± the 
standard error of the mean (SEM). A p-value of <0.05 was considered statistically significant.  
 
Continuous data that were assumed to approximately follow a Gaussian or normal distribution 
were analysed using parametric tests, e.g., models for analysis of variance (ANOVA). 
Depending on the number of groups in comparison, ordinary one-way ANOVA, which 
compares between two or more independent groups, was used for body weight measurements 
in females, and for area under the curve (AUC) for changes in blood glucose concentration 
during ITT. An unpaired t-test was used to analyse body weights in males, as there were only 
two experimental groups.  
 
Data in discrete values, or in categories, were analysed using non-parametric tests. Again, 
based on the number of groups, a Kruskal-Wallis test (for comparisons between two or more 
groups) was applied for puberty onset analysis in females, whereas a Mann-Whitney test (for 











4. RESULTS PART A - nNOS-LepR-Rescue Study  
In total, 40 viable experimental animals (both sexes) were produced from the breeding of 
NOS1ᶜʳᵉ X Leprˡᵒˣᵀᴮ mice. Due to unpredicted dystocia occurring in the breeding females at the 
start of this study, the number of breeding pairs was reduced. In order to obtain an adequate 
sample size in every group, animals were produced over a period of 60 days. Despite 
continuous breeding, only 2 females out of the 40 animals were genotyped to be LepR-Null. 
No LepR-Null male was produced at all. This unexpected genotype ratio resulted in a lack of 
negative control in the males and greatly reduced the ability to compare the data from nNOS-
LepR-Rescue mice.   
  
4.1 Body Weights  
Body weights were measured from day 20 through to 8 weeks of age. Weight gain over time 
was almost identical for all groups of animals (nNOS-LepR-Rescue, WT, and LepR-Null) for 
both males and females (Figure 5). Analysis by one-way ANOVA (for females) and t-test (for 
males) showed no statistical difference in mean body weights between groups at weaning, 4 
weeks, or 8 weeks.  
  
This result was surprising because we were expecting the WT to be lean, the LepR-Null females 
to be obese (around 60 g at 8 weeks instead of 20 g) due to impaired leptin signalling, and lastly 
the Rescues to exhibit an in-between body weight due to suboptimal leptin signalling. Since 
numerous studies over the past thirty years have confirmed the obese phenotype of LepR-Null 
mice, it must be concluded that LepR knockout in Leprˡᵒˣᵀᴮ was unsuccessful, and therefore the 




Figure 5. Body weight growth profiles from day 20 (weaning) to day 56 (8 weeks). (A) male 
weights. (B) female weights. All values are presented as mean ± SEM. Data at each time point 
were analysed by one-way ANOVA (for females) and t-test (for males). No statistical 
significance was found between any groups. n(Rescue) = 6♂, 12♀; n(WT) = 13♂, 7♀; n(LepR-
Null) = 2♀.   
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 4.2 Insulin Tolerance  
Due to the unpredicted body weight data, we decided to test for additional metabolic parameters 
to validate LepR KO and rescue. Impaired leptin-signalling is known to cause insulin resistance; 
therefore, insulin tolerance was tested for all three groups. It was hypothesized that the WT 
controls would be the most sensitive to insulin, thereby experiencing a more marked decrease 
in blood glucose than any other groups. Whereas the LepR-Null controls should not respond to 
insulin challenge at all as they are insulin resistant. Rescues should express an in-between 
phenotype to the controls. However, all three groups of animals experienced a decrease in blood 
glucose 15 min after insulin injection, before they revert to the baseline overtime (Figure 6A 
on the next page).   
  
In fact, insulin injection tended to generate the greatest response in the LepR-Null mice (Figure 
6A), indicating they were the most sensitive to insulin and thereby LepR expression was intact. 
It should be noted that this group had a small sample size, only 2. This can be visualised in 
Figure 6B, where each sample is represented as individual dots in the bar graphs. There was no 
significant difference in glucose AUC between any of the groups. Within-group inconsistencies 
were also observed and the AUC values span across a wide range, from 55 to -334. 
Nevertheless, net blood glucose did decrease for the majority within an hour after the insulin 
challenge. Very few exceptions were seen in the Rescues and WTs, in which their blood 








Figure 6. The effect of insulin injection on blood glucose concentration. (A) blood glucose 
excursion from baseline (time = -15) to 60 min after insulin injection. (B) Glucose AUC, 
negative area represents net decline in blood glucose after insulin injection. All values are 
presented as mean ± SEM. No significant difference was found between any groups. n(Rescue) 
= 13; n(WT) = 13; n(LepR-Null) = 2.   
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4.3 Reproductive Physiology  
Due to leptin signalling being fundamentally required for fertility, it was hypothesized that all 
LepR-Null controls should be infertile and experience significantly delayed puberty onset, or 
even incomplete puberty. When compared to the WT controls, nNOS-LepR-Rescue animals 
should also exhibit delayed puberty onset and reduced fertility. However, as in the last two 
sections, metabolic results for leptin signalling seem unaffected in the LepR-Null or Rescue 
groups. This poses a doubt to whether reproductive phenotypes can be observed in these 
experimental mice.   
  
4.3.1 Puberty Onset in Males  
Puberty onset in males was indicated by preputial separation. 50% of both the Rescue and WT 
mice had preputial separation before day 31, this was achieved by all on day 34 (Figure 7A). 
No statistical significance was found in the main age of preputial separation (Figure 7B), which 
suggests that puberty was completely normal in the Rescue males.    
  
Figure 7. Age of preputial separation. (A) Survival profile: time of preputial separation. (B) 
Mean age of preputial separation. All values are presented as mean ± SEM. No significant 
difference was found between groups. n(Rescue) = 6; n(WT) = 13.   
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4.3.2 Puberty Onset in Females  
The first anatomical sign of puberty onset in females is vaginal opening. This was observed 
daily for the females from weaning. Figure 8A on the next page shows that the time taken for 
vaginal opening in all females ranged between 27-37 days. Survival curves for the Rescue and 
WT groups showed similar courses over the ten days, whereas the two LepR-Null females had 
vaginal opening on day 28 and day 30, respectively. Although the small sample size for this 
group precludes meaningful comparisons, this data was comparable with the other two groups, 
and indeed one-way ANOVA suggested that no significant difference in mean age of vaginal 
opening was found between any female groups (Figure 8B).   
  
Vaginal epithelial cells composition reflects changes in estradiol and progesterone levels within 
the female body, and the time when first estrus occurs is more indicative of puberty onset in 
females than vaginal opening. Vaginal smears were checked daily after vaginal opening. First 
estrus occurred between the age of 29 to 46 days for all females (Figure 8C). No statistical 
significance in mean age of first estrus was found between any of the three groups (Figure 8D). 
Thus, the LepR-Null animals continued to show an exceptional normal phenotype compared 
to what we hypothesised. Visible delay in first estrus (on day 46) was observed for one outlier 
in the WT group (Figure 8D), however no data was excluded as statistical analysis remained 
insignificant in either way.   
  
The interval between vaginal opening and first estrus was also calculated (data not shown). All 
females underwent first estrus within 7 days of vaginal opening, except for the outlier 
mentioned previously (10 days). Nevertheless, all results seem to direct to a conclusion that 




Figure 8. Age of vaginal opening and first estrus. (A) Survival profile: time of vaginal opening. 
(B) Mean age of vaginal opening. (C) Survival profile: time of 1st estrus. (D) Mean age of 1st 
estrus. All values are presented as mean ± SEM. No significant difference was found between 







4.3.3 Estrous Cyclicity  
Estrous cyclicity, as indicated by vaginal cytology, was examined daily for 14 days after regular 
estrous cycles were established in each female. Cycle length was calculated based on the 
average time between two estrus events. Overall, cyclicity was considered regular for all three 
groups, which followed a cyclic pattern with similar intervals, from estrus to met-/diestrus, 
proestrus, and back to estrus. Representative cycles from each group are shown in Figure 9. 
Cycle length varied between 3.5 to 6 days (data not shown). No significant difference was 
found between groups. Both of the LepR-Null females cycled regularly (Figure C & D), despite 
LepR KO would have caused constant diestrus and anovulation in usual situations.   
  
  
Figure 9. Representative examples of estrous cyclicity. 14-day changes in reproductive cycle 
stages from animals of nNOS-LepR-Rescue (A), WT (B), and LepR-Null (C & D).  
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4.4 Validation of LepR Knockout and Rescue   
Considering all results discussed previously, it was necessary to validate whether or not leptin 
signalling in Leprˡᵒˣᵀᴮ was indeed knocked out by the STOP-flox. The unexpected phenotype 
of the LepR-Null controls meant that conditional LepR rescue in the nNOS-LepR-Rescue 
animals could be nonspecific and any results remain insignificant with regards to our aim.   
  
4.4.1 IHC of pSTAT3   
Brain sections from adult mice were immunohistochemically stained for pSTAT3, a marker 
for leptin signalling. The ARC in the hypothalamus represents an area of highest leptin 
sensitivity and thereby strongest pSTAT3 immunoreactivity (ir). Microscopic imaging of ARC 
sections showed distinctive pSTAT3-ir across all groups, even in the LepR-Null animals 
(Figure 10). Although not quantified, the intensity of pSTAT3 staining in the Rescue and LepR-
Null groups was visually strong and comparable to that of the WT mice. In contrast, a LepR-
Null control, not bred from nNOS-Cre parents, that was kindly provided by a separate study 
from our lab showed no pSTAT3 staining at all (Figure 10). Given this, we can conclude that 
LepR knockout in Leprˡᵒˣᵀᴮ was unsuccessful, and all phenotypes expressed by the Rescue and 




Figure 10. IHC of pSTAT3 in validation of leptin signalling. Brightfield microscopy of ARC 
in nNOS-LepR-Rescue, WT, LepR-Null from the current study, and LepR-Null from a separate 
study (red). Dark nuclear staining of pSTAT3 is prominent in all three groups from this study, 
but minimal in the LepR-Null control of the other study.   
  
4.4.2 Validation of Cre Expression  
Considering occasional unspecific Cre expression to be a known limitation to the Cre-lox 
model, it was suspected that LepR expression in the LepR-Null and or Rescue mice was 
attributable to expression of Cre in other leptin-responsive cells. Genotyping of generic Cre in 
NOS1ᶜʳᵉ negative animals showed no expression of Cre and therefore this doesn’t account for 
the apparent LepR restoration in LepR-Null mice.  
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4.4.3 Validation of the LepR-STOP-flox Mouse Line  
One alternative explanation would be that transcription of LepR was unaffected in the Leprˡᵒˣᵀᴮ 
mouse line. Attention was drawn to previous genotyping results. Using the LepR-STOP-flox 
(1) primers (Table 1, chapter 3.2), an undefined band at 600bp was detected for the Leprˡᵒˣᵀᴮ 
positive animals (Figure 11). This was originally assumed to be resulted from nonspecific 
binding of primers to other sites of the genome, therefore new primers were designed for the 
genotyping of Leprˡᵒˣᵀᴮ. However, given the results so far, the underlying mechanism for this 
600bp band to occur appears to be more complicated than it seemed.   
  
Interestingly, this phenomenon only occurred for the offspring that were bred from Leprˡᵒˣᵀᴮ 
and NOS1ᶜʳᵉ parents. Mating between the same Leprˡᵒˣᵀᴮ strain with another neuron-specific- 
Cre mouse line (a separate study from our lab), produced mice of the correct genotypes.  
  
Figure 11. Genotyping result of a Leprˡᵒˣᵀᴮ/⁺ mouse via LepR- STOP-flox primers. From left 
to right: WT control band at 522bp; mutant control band at 360bp; a Leprˡᵒˣᵀᴮ/⁺ mouse 
exhibiting a WT band and an undefined band at 600bp.   
  
In summary, restored leptin signalling was responsible for the normal metabolic and 
reproductive phenotypes observed in the nNOS-LepR-Rescue and LepR-Null mice in this 
experiment. LepR remained intact and were expressed globally in the Leprˡᵒˣᵀᴮ animals. This 
is likely due to ineffective LepR KO in the Leprˡᵒˣᵀᴮ strain, or unidentified interactions between 
the NOS1ᶜʳᵉ and Leprˡᵒˣᵀᴮ genes on a DNA level.   
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5. DISCUSSION PART A - nNOS-LepR-Rescue Study  
The significance of nNOS neurons and leptin signalling in puberty and fertility was established 
independently for more than two decades. Although previous studies have revealed the 
potential of leptin-responsive nNOS neurons in regulation of metabolism and reproduction, 
direct evidence that nNOS neurons are capable of fulfilling the role of acting as the neuronal 
conduits between leptin and GnRH neurons is lacking.   
  
This study initially aimed to elucidate whether nNOS neurons are sufficient to mediate leptin’s 
permissive actions on reproductive function in vivo, in the absence of leptin signals from any 
other neurons. Unfortunately, experiments ceased prematurely as all experimental animals 
reverted to their wildtype phenotype. A lack of true LepR-Null controls rendered all results 
inconclusive with regards to the study aim. Future research in repetition of this whole in vivo 
experiment using new animals would contribute to the characterisation of neuronal pathways 
by which leptin signalling occurs to regulate the HPG axis.   
  
5.1 A “Double-Blind” Experiment  
Surprises and uncertainties are commonly encountered in experiments with live animal models. 
Moreover, for a study that focuses on chronic physiological effects and reproductive outcomes, 
long term monitoring of test subjects is required. Earlier withdrawal was not possible for this 
experiment as fertility phenotypes are only visible after the animals reached adulthood. 
Although preliminary data in body weights of the nNOS-LepR-Rescues compared to WT mice 
might have provided some indication in the early phases of this study, a lack of true LepR-Null 
controls made it difficult to draw a certain conclusion until later dates. Extra time required to 
breed new experimental animals, specifically the LepR-Nulls, worsened the situation as 
observations could only be made gradually throughout the project.   
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The first half of this study remained a “double-blinded” experiment due to inability to verify 
the genotypes of the mice. Owing to shipment delays, the essential nNOS-Cre and LepR-
STOP-flox excision primers (Table 1) arrived only midway through the honours year. In vivo 
experiments ceased immediately after validation of normal leptin signalling in all animals. The 
conclusion of global LepR-STOP-flox excision in the NOS1ᶜʳᵉ/⁺ X Leprˡᵒˣᵀᴮ/⁺ line was drawn.   
  
5.2 Potential Mechanism Behind Cre-Independent LepR Reactivation  
Global LepR reactivation was unlikely due to spontaneous recombination in the Leprˡᵒˣᵀᴮ stock 
mice. The same strain was used simultaneously in a similar conditional rescue study from our 
lab. In contrast to nNOS neurons, the study had a focus on another leptin-sensitive neuron that 
was also suggested to be implicated in reproductive health, the pituitary adenylate cyclase-
activating polypeptide (PACAP) neurons. Since all other factors remained unchanged between 
the two studies, effective LepR KO in the PACAP study suggested that parental (F0) Leprˡᵒˣᵀᴮ 
mice did carry a functional STOP-flox sequence in the LepR.   
  
The most probable justification for global LepR recombination in our mice would be NOS1ᶜʳᵉ-
mediated excision of Leprˡᵒˣᵀᴮ during zygote formation and germline cells production. 
Referring back to the genotyping results for the LepR-STOP-flox, all flox-positive animals 
from the F1 generation (Figure 3) onward exhibit an unidentified band at ~600bp (Figure 11). 
Although the exact reason for the amplification of this DNA fragment remains ambiguous, the 
detection of this allowed us to deduce that interactions between NOS1ᶜʳᵉ and Leprˡᵒˣᵀᴮ must 
have occurred in the breeding of the F1 generation, when the two alleles from the stock breeders 
(F0) were co-expressed within one host animal. This was unlikely to be random since all F1 
mice exhibited the flox excision. LepR recombination probably occurred after fertilisation of 
F1 zygotes first, then propagated through to all offspring in the F2 generation via the germline.   
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In 2018, Rupp et al [100] reported the same issue with germline excision in the breeding with 
NOS1ᶜʳᵉ X double floxed animals. A report in 2020 by Luo et al [101] also suggested that floxed 
animals co-expressing the NOS1ᶜʳᵉ allele are more prone to cre-mediated excision of flox during 
germline cells production when compared to other Cre lines. This could presumably be due to 
nNOS expression being required during embryogenesis and early development. This limitation 
was recently acknowledged by the Jackson Laboratory on their website after reports by Luo et 
al. Further characterisation of Cre activity is therefore needed.   
  
Given the relatively high frequency of germline recombination, future Cre-lox-mediated 
conditional rescue experiments need to be precautious when utilising mice of this NOS1ᶜʳᵉ strain. 
Nevertheless, research re-investigating the exact aim of this study would be promising in 
characterising the role of leptin-responsive nNOS neurons in regulation of the HPG axis. Lastly, 
ongoing refinement of current model systems are crucial in providing reliable tools for effective 













6. RESULTS PART B - The Triple Label 
Within the brain, nNOS neurons are expressed globally throughout the hypothalamus, whereas 
the ARC represents an area of highest leptin sensitivity. In total, five hypothalamic regions 
were examined for immunolabeling as previous studies have indicated relative abundance of 
nNOS signals in them. The areas were the ARC, VMH, DMH, POA, and PMV. The figure 




Figure12. Schematic representations of coronal brain sections.  Hypothalamic areas of 
interest are highlighted in red. From left to right: POA, ARC, VMH, DMH, and PMV. 
 
6.1 Intensity of tdTomato Expression  
Expression of a red fluorescent protein, tdTomato, was used for visualising GABAergic and 
Glutamatergic neurons. During fluorescent microscope imaging of brain sections from Vglut-
Cre X tdTomato (abbreviated as Vglut) mice, it was discovered that nearly all nNOS signals in 
the green fluorescent channel co-localised with Vglut signals in the red channel. By observing 
unstained Vglut brain sections, it was confirmed that the tdTomato reporter expression was 
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exceptionally strong and the signal bled-through to other neighbouring channels (Figure 13A-
C). Interestingly, bleed-through did not occur in the Vgat-Cre X tdTomato (abbreviated as Vgat) 
mice, shown in Figure 13D-F.  
 
In order to resolve, photobleaching under 24 hours of daylight was performed on new brain 
sections of the Vglut mice, before immunolabeling of nNOS and pSTAT3. Despite prolonged 
exposure to sunlight, not all signals from the green fluorescent channel were bleached. This 
was primarily due to variable intensity of tdTomato in each individual cell. At the 24-hour, 
weaker signals from the green channel were bleached while the stronger signals persisted. 
However, photobleaching could not be performed for any longer as the Vglut signals from the 
red channel were also equally affected (Figure 13G).  
 
In fact, over-bleaching was already observed for the majority of the Vglut sections. This was 
reflected by a lack of tdTomato expression in the PMV (Figure 13H), where abundant Vglut 
signals would be seen. Within those sections that tdTomato was adequately maintained, the 
intensity of bleed-through in the green channel was still high (Figure 13I). Neither situation 
was optimal for cell analysis; a trade-off between losing Vglut signals and indistinguishable 
nNOS staining had to be determined. Due to time constraints and limited samples available for 
new immunolabeling, this experiment on the Vglut sections was not repeated. Only Vglut and 







Figure 13. Bleed-through of tdTomato into green channel and effect of 24 hour 
photobleaching. Unstained Vglut sections in red channel (A); green channel (B); merged (C). 
Unstained Vgat sections viewed under red channel (D); green channel (E); merged (F). Bleed-
through can be observed in Vglut sections but not in Vgat sections. (G & H) Same section in 
red and green channels showing that the effect of 24 hour photobleaching was variable in 
different areas due to differential tdTomato expression. Top arrows point to strong signals 
preserved, bottom arrows show reduced signal in red channel (G) and complete 
photobleaching in green channel (H). The PMV was depleted of any Vglut signals after 




6.2 Cell Counts in Hypothalamic Regions  
In order to provide a meaningful quantification of labelled cells in the hypothalamus, the total 
number of nNOS cells and pSTAT3 cells were counted for each region, and was used as the 
denominator in calculating the percentage co-localisation with other signals. Analysis was 
conducted by manually counting the cells in each layer of staining in the overlay. Automatic 
counting was not possible due to noise and background in the green fluorescence channel.  
 
6.2.1 nNOS Total Count 
A total of 14 Vgat animals (8 females, 6 males) were used. Across the five hypothalamic 
regions examined, at least around 50 nNOS immunoreactive cells were counted per section 
(Figure 14). Previously reported sexually dimorphic expression of nNOS in the ARC, POA and 
VMH could not be observed as no significant difference was found between sections from the 
males or the females. Data were therefore combined. Difference in staining quality was 
observed from slide to slide, and this would likely have contributed to inconsistencies in cell 
counting. For example, the cell count ranged from 25-75 in the ARC.  
 
 
Figure 14. Total number of nNOS-ir cells per section from each region. n=14. 
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6.2.1.1 POA nNOS Expression in Diestrus VS Proestrus   
Outlined in chapter 1.4, the concentration of NO in the POA was substantially increased during 
proestrus as compared to diestrus stage. Female mice were then perfused at either the proestrus 
or diestrus stage to enable comparison of nNOS expression between them. However, as shown 
in Figure 15, the number of nNOS immunoreactive cells in the POA during proestrus was not 
significantly different from that of the diestrus stage although the small sample size might have 
masked the effect of different estrous cycle stages.  
  
Figure 15. Number of nNOS-ir cells in the POA of females in diestrus or proestrus.  
 
6.2.2 pSTAT3 Total Count 
The number of pSTAT3 staining was also calculated. Again, moderate levels of pSTAT3 were 
detected within each hypothalamic area of interest. Staining quality was variable across regions 
and sections, which might have contributed to errors in cell counting.  
 
Figure 16. Total number of nNOS-ir cells per section from each region.  
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6.3 Triple Label of nNOS, pSTAT3, and GABA 
Among all five hypothalamic regions examined, triple immunolabeling of all three cell types 
was most prominent in the ARC. Minimal triple staining could be visualised in other regions. 
Cytoplasmic staining was observed for nNOS and Vgat, pSTAT3 staining was nuclear. Figure 
17 shows an example of a triple label from the ARC at 40 x magnification.  
 
Figure 17. Representative fluorescent images of the triple label in the ARC. (A) nNOS. (B) 
Vgat. (C) pSTAT3; IHC of pSTAT3 was in brightfield, here the image was inverted to darkfield 
to allow better visualisation with other signals. (D) the triple label. Arrow 1 pointing to dual 
label of nNOS and Vglut. Arrow 2 pointing to dual label of nNOS and pSTAT3. Arrow 3 
pointing to nNOS, Vgat, and pSTAT3 signals co-localised into one cell. Scale bar: 50 μm. 
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6.3.1 nNOS, pSTAT3, and Vgat 
The degree of overlap was quantified by calculating the percentage co-localisation of each 
signal to the nNOS neurons as the denominator. The percentage of pSTAT3 and Vgat in 
nNOS neurons was 13% in the ARC. Less than 3% co-localisation was found in the DMH 
and POA. Other regions were depleted of any triple label.  
 
Figure 18. Percentage co-localisation of nNOS & pSTAT3 & Vgat in hypothalamic areas.  
 
6.3.2 nNOS and GABA 
Percentage co-localisation between nNOS and Vgat was highest in the ARC, around 50%.  
Relatively lower levels were detected in the DMH and POA, for just over 10%.  
 
Figure 19. Percentage co-localisation of nNOS & Vgat in hypothalamic areas.  
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6.3.3 nNOS and pSTAT3 
Percentage co-localisation of nNOS and pSTAT3 could be visualised throughout the five 
areas, as in Figure 19. The highest being the PMV (49%), followed by the ARC (33%), POA 
and DMH both had around 26%, and lastly the VMH (9%).  
 
Figure 20. Percentage co-localisation of nNOS & pSTAT3 in hypothalamic areas.  
 
6.3.4 pSTAT3 and GABA 
The GABAergic and leptin-responsive neurons co-localised primarily in the ARC and DMH, 
both at 35%, moderate levels were detected in the POA (21%), and minimal in the VMH (4%) 
and PMV (0%).  
 
 
Figure 21. Percentage co-localisation of nNOS & pSTAT3 & Vgat in hypothalamic areas.  
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Figure 22. Schematic representations of immunolabeling in defined hypothalamic regions. 
The diagrams are zoomed onto the third ventricle in between the hypothalamus, where ARC, 
VMH, DMH, POA, and PMV may be visualised. Each coloured dot represents a type of co-
localisation as described in the figure legend. Density of the dots relates to the level of co-
localisation within the area.  
 
A summary of the co-localisation data are provided in Figure 22. The results suggest that the 
ARC represents the area of highest abundance in leptin-responsive and GABAergic nNOS 
neurons, and therefore may play the most prominent role in fertility regulation.  
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6.4 Dual Label of pSTAT3 and Glutamate 
Due to nNOS being a relatively weaker stain as compared to the bleed-through signals from 
tdTomato expression, imaging software rendered nNOS immunoreactive cells almost 
indistinguishable from the background despite attempts trying to adjust for exposure 
compensation (Figure 23). Therefore, it was decided that analysis was only performed for Vglut 
and pSTAT3 signals.  
 
 
Figure 23. An example of nNOS staining coincides with tdTomato bleed-through. Image is 
merged with red and green fluorescent channels. Arrows point to real immunolabeled nNOS 
neurons exhibiting cytoplasmic staining. Due to high levels of background, one can argue 
whether or not these can be counted as real cells. Whereas the tdTomato bleed-through cells, 




Minimum co-localisation between pSTAT3 and Vglut was detected in the Arc (Figure 14A-C). 
This was expected as leptin-responsive neurons in the ARC are suggested to be predominantly 
GABAergic. In regions outside of ARC, LepR-expressing neurons in the hypothalamus were 
reported to largely exhibit a glutamatergic phenotype. Low levels of pSTAT3 and Vgat double 
label from our own results also implied higher co-localisation between pSTAT3 and Vglut may 
be observed in other regions. Therefore, it was surprising that no co-localisation could be 
observed in the other four regions (Figure 24D-G). However, as indicated in Figure 24, it is 
probable that excessive photobleaching might have occurred in regions of weaker tdTomato 
emission. For example, in the PMV where glutamatergic neurons would be densely expressed. 
Vglut signals within the ARC were largely preserved, possibly due to strong tdTomato 
expression that withstood the 24 hour light treatment. Quantification of cells was then 
abandoned as no co-localisation could be seen.  
 
 
Figure 24. Representative co-localisation images of pSTAT3-ir and Vglut signals. (A-C) 
immunolabeling in the ARC, with pSTAT3 (A) and Vglut (B) alone, and both (C). Double labels 
are also represented for VMH (D), DMH (E), POA (F), and PMV (G). Scale bar: 100 μm. 
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7. DISCUSSION PART B - The Triple Label   
Few studies have systematically focused on mapping of leptin-responsive nNOS neuron 
populations in the hypothalamus. Whether the co-localisation between the two signals is 
important in enabling puberty and fertility remains elusive, which highlights a need for further 
research into this field.   
  
Prior GABAergic neuron-specific LepR knockout experiments suggested that leptin can act via 
the GABAergic but not the glutamatergic neurons to signal GnRH release. Within a limited 
period of time after cessation of the nNOS-LepR-Rescue experiments, this study was able to 
map out the co-localisation of nNOS neurons that are both GABAergic and leptin-responsive, 
in order to identify the nNOS populations most likely to be of significance for control of GnRH 
function.   
  
Triple labelling comprising immunofluorescence, immunohistochemistry and a gene reporter 
system altogether successfully quantified the co-localisation of nNOS, pSTAT3, and GABA in 
five regions of the mouse hypothalamus. The percentage co-localisation of all three signals was 
highest in the ARC (13%). Regions outside of the ARC were markedly less abundant in triple 
labelling. These novel findings imply that the ARC represents an area of high significance in 
terms of reproductive regulation by leptin signalling through nNOS neurons.   
  
This result provides anatomical validation for future research into uncovering the role of nNOS 
neurons in coupling peripheral metabolic status to GnRH release. Functional studies that 
directly reveal the interaction between leptin and nNOS in the HPG axis will contribute to the 
characterisation of neuronal pathways implicated in coordination of leptin signals to GnRH 
function, and appreciation of redundancy in reproductive physiology.   
 57 
7.1 GABAergic/Glutamatergic Nature of Neurons  
Percentage co-localisation between either the nNOS-ir or pSTAT3-ir cells with Vgat signals 
was in line with the current literature. Previous studies revealed a predominant glutamatergic 
nature of nNOS- or LepR-expressing neurons in the hypothalamus, except the ARC. It was 
estimated that more than 85% of all nNOS-expressing neurons in the VMH, DMH, POA, and 
PMV are glutamatergic [97, 102]. Although quantification of nNOS in Vglut-Cre X tdTomato 
animals was not possible in this study, results from the Vgat-Cre X tdTomato animals showing 
minimal co-localisation between nNOS and Vgat in regions outside of the ARC suggested that 
glutamatergic neurons may account for the majority of the nNOS population. However, since 
hypothalamic neurons are not necessarily exclusively either GABAergic or glutamatergic, the 
extent of nNOS and Vglut colocalization will need to be experimentally demonstrated.  
  
Co-localisation between pSTAT3 and Vgat was more variable across regions. 35-40% of all 
pSTAT3-ir cells in both the ARC and DMH were GABAergic, and the POA also contained 
around 20%. By comparison, the VMH and PMV were almost depleted of GABAergic 
pSTAT3-ir cells. Observations from the Vglut animals showed a level of glutamatergic 
pSTAT3-ir cells that was well short of making up the remaining percentages observed in the 
Vgat animals. This result was expected as photobleaching of the Vglut sections had reduced 
the intensity of the tdTomato fluorescence, thereby all counting may be underestimated.   
  
Previous studies have indicated that nNOS- or LepR-expressing neurons in the ARC to be 
predominantly GABAergic [94, 102]. Although a relatively higher co-localisation between 
either the nNOS-ir or pSTAT3-ir cells with Vgat signals was detected, around 40%, this was 
incomparable to what the literature has suggested. 
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7.2 Leptin-Responsive nNOS Neurons  
Leptin-responsive nNOS neurons were expressed throughout the five hypothalamic regions 
examined. Based on quantification of nNOS and pSTAT3 from the Vgat animals, the co-
localisation was highest in the PMV, followed by the ARC, POA, then DMH, and VMH. This 
level of co-localisation was lower than what has been reported in the literature. Nevertheless, 
given that only the GABAergic neurons are essential in mediating leptin’s permissive actions 
on reproductive function, and that GABAergic LepR-expressing neurons of are only found in 
the ARC, co-localisation of nNOS and pSTAT3 in other regions of the hypothalamus may 
indicate a role for nNOS neurons in metabolic regulation of the body, via interactions with 
leptin.   
  
7.3 The Triple Label Protocol  
The design of the triple label protocol involved constant refinements of methodology. Even so, 
triple immunolabeling remains a difficult procedure to carry out and inconsistent data exists. 
Foreshadowed in previous chapters, limitations in the experimental protocol were apparent, 
however no further improvements could be made due to time constraints and unavailability of 
resources.  
  
First of all, a preliminary study to this project demonstrated that fluorescent staining of nNOS 
neurons may be very inconsistent and clear visualisation of cells may be difficult to achieve 
due to weak staining. Indeed, this was illustrated by the sections presented in Figure 17. In 
order to make unbiased judgement during manual cell counting, criteria were set up in 
identifying true staining from the background. The criteria indicated that any nNOS cell should 
have a defined border with cytoplasmic staining. However, due to inconsistencies in section 
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quality, underestimation of cell number was very likely. For the Vglut sections, nNOS staining 
was often indistinguishable from the bleed-through from tdTomato. This limitation directly 
reduced the scope of this study due to incomplete results.  Cell counting may also be limited 
by conventional fluorescent microscopy. During imaging of the immunolabeled sections, it was 
noticed that more cells could be visualised when changing the focus of the microscope. It 
suggested that more immunoreactive cells were present at different focus levels. Therefore, in 
future, confocal microscopy would be more optimal in imaging to capture all cells.   
  
The triple label protocol had low fault tolerance due to the considerable number of steps 
involved. The protocol was also time consuming due to fixed incubation times and large 
quantity of samples; an entire triple label would take at least 5 days to complete. Mistakes at 
any stage may be detrimental. The addition of the tdTomato reporter to visualise GABAergic 
and glutamatergic simplified the immunolabeling process, but unfortunately the strength of the 
Vglut-Cre-driven tdTomato signal led to significant bleed-through into the green (nNOS) 
channel. Due to known difficulty in staining for glutamate neurons, we have considered the 
possibility of immune-labeling tdTomato in Vglut sections after full-photobleaching treatment, 
therefore allowing clearer nNOS staining in the green channel. However, limited target species 
of antibody were available to use as the common species were preoccupied by immunolabeling 
of nNOS and pSTAT3. Time constraints also made it impossible for newly purchased 
antibodies to arrive. Therefore, compromises were made on the quantification of Vglut and 
nNOS colocalization data. Further research should either further develop the partial tdTomato 
photobleaching protocol, utilise a different Cre-dependent reporter line (such as tau GFP), or 




7.4 Regions of Reproductive Significance   
7.4.1 The Arcuate Nucleus   
The ARC represents an area of highest significance in terms of reproductive regulation by 
leptin. The ARC responds to acute changes in circulating leptin, and the majority of LepR in 
the hypothalamus are found within the ARC. Many other neuronal populations that are known 
to be implicated in reproductive health co-express LepR within the ARC. For example, the 
AgRP neurons, the activation of which was sufficient to restore reproductive competence in 
mice with AgRP neuron-specific LepR rescue [82]. The demonstration here that this region 
greatly exceeds other hypothalamic areas in GABAergic leptin-responsive neurons highlights 
a differential role of ARC in conveying leptin signals to GnRH cells, as opposed to other 
hypothalamic regions. Among the 5 regions examined for the triple label of nNOS, pSTAT3, 
and GABA, the ARC is also the only area that confers a measurable level of expression in all 
three signals. Given the importance of nNOS neurons in permitting HPG function, as studies 
have repeatedly demonstrated hypogonadism and infertility in mice with nNOS KO or 
inhibition, the triple label suggested that the ARC would be a critical site for integration of 
leptin-signals in the nNOS neurons through to the GnRH cells. This likely occurs in 
coordination with other neuronal pathways involved in the central integration of metabolic 








7.4.2 The Ventral Premammillary Nucleus 
Indicated by immunolabeling, the PMV is densely packed with leptin-responsive nNOS 
neurons, however, neither of the signals co-localise with GABA. This indicates that leptin 
signalling within the PMV occurs predominantly via the glutamatergic neurons. Current 
literature supports this hypothesis as studies have mapped a 100% co-localisation between 
LepR and glutamatergic neurons [97]. This is tempting to speculate that the PMV may not be 
critically involved in the information relay between leptin and GnRH neurons as previous 
studies have illustrated that leptin signalling via the GABAergic neurons, but not the 
glutamatergic neurons, is essential to fertility.  
 
However, lesions of the PMV in leptin-deficient mice prevented the ability of leptin to restore 
fertility, and rescue of PMV LepR is sufficient to alleviate this effect [79]. This suggests that 
leptin-responsive cells in the PMV alone are sufficient to enable fertility, despite their 
glutamatergic phenotype. This rescue of leptin signalling is also highly likely to occur via the 
nNOS neurons as the majority of the leptin-responsive neurons in the PMV express nNOS [95], 
and our result also suggested a 50% co-localisation between nNOS and pSTAT3.  
 
7.4.3 The Preoptic Area 
Leptin-responsive neurons in the POA exhibit both GABAergic and glutamatergic phenotypes. 
Illustrated by this study, 20% of leptin-responsive neurons in the POA are GABAergic. This 
suggests participation of the POA in leptin-mediated regulation of the HPG axis, though this 
interaction may not be entirely communicated via the nNOS neurons since only 3% of them 
co-localised in the POA. Contrary, Bellefontaine et al (2014) [86] have demonstrated that POA-
specific nNOS inhibition in leptin-deficient mice prevented the ability of leptin to restore 
puberty onset and LH release.  
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Given the redundancy in leptin signalling networks to promote reproduction, it would be 
unlikely for those 3% of neurons to exhibit a disproportionate significance over all other 
pathways so that any damage to them would result in infertility. A few plausible mechanisms 
were then proposed to resolve this contradiction. Firstly, POA-specific nNOS inhibition 
demonstrated by Bellefontaine et al (2014) [86] was achieved by injection of a pharmacological 
nNOS blockade into the POA. Whether this blockade was contained to the site of interest 
remains questionable. Off-target inhibition of leptin-mediated nNOS activity in neighbouring 
regions of POA might account for the phenotype observed. Secondly, the downstream effects 
of how leptin signals can be transduced to GnRH neurons, possibly via neuron intermediates, 
remains unsolved. Other mechanisms required for normal HPG function, aside from the 
permissive actions of leptin, may demand assistance from distinct nNOS populations in the 
POA. Therefore, inhibiting nNOS activity in the entire POA may be suboptimal for fertility 
even if leptin signalling was maintained. In other words, although nNOS neurons are inevitably 
required for enabling HPG function, leptin signalling through nNOS neurons comprises only 
one pathway within the leptin-GnRH network, disruption to this pathway alone is therefore 
unlikely to cause infertility completely.  
 
Proposed by previous studies, nNOS neurons in the POA may be involved in generating the 
preovulatory surge [84]. Evidence showed NO concentration in the POA increases 
substantially during mice pro-estrus as compared to diestrus [93]. However, no difference in 
the expression of nNOS within the POA was detected between female mice of diestrus and 
proestrus stages. Apart from the inconsistencies seen in our cell counting, one explanation 
would be that the increase in NO production observed during proestrus may be a consequence 
of increased phosphorylation (activation) of nNOS, rather than enhanced nNOS expression.  
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7.4.4 The Ventromedial Hypothalamic Nucleus 
Co-localisation between nNOS with either pSTAT3 or GABA was minimal. The literature 
suggests that expression of LepR in the VMH is mainly located to the steroidogenic factor-1 
(SF-1) neurons, which are shown to display a glutamatergic phenotype [104]. Inhibition of 
leptin signaling in the SF-1 neurons in mice produced no reproductive loss but a prominent 
effect on energy homeostasis. This indicates the VMH is primarily involved in mediating 
leptin’s effect on metabolism rather than reproduction.  
 
Sexually dimorphic expression of nNOS was reported for the ARC, POA, and VMH especially 
[103]. This is due to nNOS being subjected to changes in testosterone or estrogen 
concentrations within the body. However, no difference in the level of nNOS-ir was detected 
between the males and females, presumably owing to the variability in staining quality from 
section to section as the VMH was observed to have the highest background staining.  
 
7.4.5 The Dorsomedial Hypothalamic Nucleus 
The DMH is characterised with both GABAergic and glutamatergic leptin-responsive cells. 
Studies have indicated more than 50% of lepR-expressing cells in the DMH to be GABAergic 
[97], suggesting a likelihood for DMH neurons being implicated in reproductive health through 
leptin-GnRH communication. Results from our study indicate a lower rate of co-localisation 
between leptin-responsive neurons & GABA at 35%. In terms of the nNOS neurons in the 
DMH, 26% of which co-expressed the LepR, and only 3% of these neurons exhibit a 
GABAergic phenotype. Such results imply that leptin-responsive nNOS neurons in the DMH 
may not be crucially involved in the information relay between leptin and GnRH neurons in 




In conclusion, this study aimed to anatomically map out the nNOS populations in the 
hypothalamus that co-express LepR and GABA. The research successfully identified the ARC 
to be an area of high significance in terms of reproductive regulation by leptin signalling 
through nNOS neurons. Triple immunolabeling suggests a 13% co-localisation of nNOS-ir, 
pSTAT3-ir, and Vgat expression in the ARC. This finding is novel to the field and provides 
anatomical validation for future functional research into exploring new neuronal pathways 
involved in the information relay between leptin and GnRH neurons.  
 
Although the development of the triple label protocol allowed for immunofluorescence and 
immunohistochemistry to be combined successfully, ongoing refinements of the methodology 
are necessary as the current protocol still carries notable limitations. Time constraints forced 
exclusion of Vglut data and reduced the scope of this research. 
 
The nNOS-LepR-Rescue experiment ceased prematurely due to limitations in the Cre-lox 
model system. Germline excision of the STOP-flox sequence in the NOS1ᶜʳᵉ X Leprˡᵒˣᵀᴮ 
breeding line caused animals to revert back to their wildtype phenotypes. This was only 
recently discovered by researchers to be a frequent phenomenon seen in the breeding of floxed 
animals with the NOS1ᶜʳᵉ mutant lines. This highlights the importance of constant reviewing 
and refining of current model systems.  
 
In the future, functional experiments that re-investigate the exact aim of the nNOS-LepR- 
Rescue study would be promising in the characterisation of leptin-responsive nNOS neurons 
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Formulae of Solutions  
Lysis buffer (pH 8.5) 
To make 1L of lysis buffer add 12.11 g Tris base (100 mM), 1.86 g EDTA (5 mM), 2 g SDS 
(0.2 %) and 11.68 g NaCl (200 mM) to 500mL of distilled water and combine until dissolved. 
Make a solution up to 1L with distilled water. Adjust pH to 8.5 using concentrated HCl. 
 
1mM EDTA (pH 8) 
To make 1L of EDTA, add 0.37g of EDTA to 1L of distilled water. Adjust pH to 8 using NaOH. 
 
Tris-EDTA buffer (TE, pH 8) 
To make 1L of TE buffer: add 1.221g of Tris base and 0.372g of EDTA to 800mL of distilled 
water. Adjust pH to 8 using HCl. Make a solution up to 1L with distilled water. 
 
Tris-acetate EDTA buffer (TAE, pH 7.2) 
To make 1L of 10x TAE buffer add 48.4g of Tris base, 11.4mL of glacial acetic acid (17.4 M) 
and 3.7g of EDTA to 800mL of distilled water and combine until dissolved. Adjust the pH to 
7.2. Make solution up to 1L with distilled water 
2E. 0.05M Tris-buffered saline (TBS, pH 7.8)  
To make 2L of 10x TBS: add 12.12g of Trizma HCl, 2.78g Trizma base, 17.4g of NaCl to 2L 
of distilled water and adjust the pH to 7.8  
TBS-TritonX (TBS-TX)  
To make 1L: add 1mL of Triton-X to 1 x TBS  
 79 
4% Paraformaldehyde (PFA, pH 7.3) 
For 1.2L of 4% PFA: 
1- Add 190mL 0.5M di-sodium hydrogen phosphate (dibasic), 48mL 0.5M sodium 
dihydrogen phosphate (monobasic), and 362 mL of H20 to the final bottle the PFA will 
be stored in. 
2- Heat up 600mL of distilled water to ~60°C using a thermometer and flea. Weigh out 48g 
of paraformaldehyde under the fume hood and add to distilled water. When the solution 
reaches ~55°C add 24 drops of 10M NaOH and stir until the solution becomes clear. 
Remove from heat and cool on ice before filtering the solution into the 600mL of phosphate 
buffer solution prepared in step 1. Adjust the pH to 7.3. 
 
0.1M phosphate buffered saline (PBS, pH 7.3) 
For 2L of 10X PBS: combine 27.6g 𝑁𝑁𝑁𝑁𝑁𝑁2 𝑃𝑃𝑃𝑃4 2𝑁𝑁2𝑃𝑃, 163.4g NaCl and 35.6g of 𝑁𝑁𝑁𝑁2𝑁𝑁𝑃𝑃𝑃𝑃4. 
2𝑁𝑁2𝑃𝑃 with 2L of distilled water. Adjust the pH to 7. 
 
30% sucrose solution 
For 100mL, dissolve 30g of sucrose with 100mL of 1x PBS 
 
 
